The jet engine maintenance process is complex, expensive and time-consuming. It often requires engine disassembly or boroscopic examinations. In order to accelerate the process and reduce the down time of an engine we intend to develop a method to locate and characterize defects and damage at an early state, without having to disassemble the engine. The assumption is that various defects in the hot gas path of an engine have a noticeable impact on the spatial density distribution of the exhaust jet of an engine. The resulting differences in the exhaust jet pattern will be measured with the Background Oriented Schlieren method (BOS). We perform numerical simulations (CFD) in order to analyze the effects of various general defect types on the density pattern of the exhaust jet. The defects under investigation include the malfunction of one burner, the increase the turbine blade tip clearance and burned trailing edges of the blades. The changes in the pattern resulting from the defects are compared to the density distribution of the undamaged initial state. It is shown that different exhaust jet patterns can be linked to the investigated hot gas path defects. Furthermore, a BOS set-up is installed in a test cell of a helicopter engine with a twostage axial turbine to demonstrate the applicability of the BOS method for the measurement of small density gradients resulting from temperature non-uniformities. A cold streak was inserted into the exhaust diffuser to simulate an artificial defect. The completed measurements show that the BOS method is able to detect these small variations. The present paper summarizes the results of different investigations. It presents a combination of BOS measurements of the exhaust jet and CFD simulations of defects within the hot gas path as a promising approach for evaluating the condition of a jet engine.
Introduction
The economic importance of the maintenance and regeneration of jet engines is increasing in comparison to the sale of new apparatus due to a growing fleet of aircraft. In order to reduce costs, as many components as possible should be regenerated and the total down time of each engine should be minimized. The acceleration of the process can be achieved if relevant information of damaged parts can be acquired as early as possible in order to plan the regeneration process in advance. Currently, defects and damage of engine components can be assessed either by a complete disassembly of the engine or by boroscopic examinations, both being time consuming as stated by Adamczuk et al. [1] .
Defects within the hot gas path always have an influence on the local density and temperature of the flow. Adamczuk and Seume [2] performed CFD-simulations of the flow in a five-stage low-pressure-turbine (LPT) with large-scale temperature non-uniformities. Their results show that these local temperature variations barely mix out with the surrounding flow. In order to model malfunctions of individual burners they varied the temperature magnitude at the inlet. The worst-case defect was a complete shutdown of one burner but it was also shown that even small temperature differences have an impact on exhaust jet patterns of density and temperature. In further work, Adamczuk et al. [3] investigated the influence of different hot gas path defects on the density patterns at the outlet plane of a jet engine, which is summarized in this paper. The simulated defects include the complete shut-down of a burner, the loss of trailing edge material in the second rotor and stator of a two-stage highpressure-turbine (HPT), and the increase of the clearance gap between the blade tip and the casing of the second stage rotor of the HPT. The investigations are applied to a flow geometry of a real aero engine. The engine consists of a combustor with 20 individual nozzles, a two-stage high-pressure turbine (HPT) and a five-stage low-pressure turbine (LPT). At the exit of the LPT eleven large exit guide vanes (EGV) are distributed over the perimeter of the outlet. The reactive flow inside a real size combustor is simulated with the method of Favreaveraged Navier-Stokes modeling. The flow through the HPT and LPT however is calculated with the method of Reynoldsaveraged Navier-Stokes (RANS) modeling.
In the present study furthermore results from Adamczuk et al. [1] are summarized, presenting the non-intrusive Background-Oriented Schlieren (BOS) method as a quick and accurate method to measure and evaluate the threedimensional density and temperature patterns of an exhaust jet. In order to measure three-dimensional patterns a tomographic algorithm is needed. In Adamczuk et al. [1] , the filtered back-projection algorithm, presented and validated by Goldhahn and Seume [4] as well as Goldhahn et al. [5] is used. Further validation of the algorithm on a linear cascade was provided by Alhaj and Seume [6] by combining BOS with the Particle Image Velocimetry for the measurement of the total pressure loss and the kinetic energy loss coefficient. In order to demonstrate the feasibility of the approach and the possibility of measuring different temperature patterns with BOS, the method is applied to the exhaust jet of a helicopter engine. 
Nomenclature

T
Simulation of defects in the hot gas path
In order to evaluate whether different hot gas path defects result in specific exhaust jet density patterns, three characteristic defects are investigated numerically in Adamczuk et al. [3] . As stated by Adamczuk et al. [1] tomographic BOS is used to evaluate time-averaged effects. Therefore only steady-state simulations are performed, which also reduces computational time and resources. As mentioned in Adamczuk et al. [3] for the simulation of the reactions and flow, different solvers are used. The flow and reaction inside the combustor are modeled with ANSYS Fluent. The calculations in the whole HPT were done with ANSYS CFX. Blade defects inside the HPT have been carried out with the parallel flow solver TRACE. Furthermore, the flow through the LPT is simulated with TRACE. The interfaces between the different solvers are established using two-dimensional boundary conditions, which are interpolated from the exit of the neighboring upstream component. For further details on the flow solvers, boundary conditions and numerical set-ups see Adamczuk et al. [3] .
Modeling of combustion defects
Within this paper the modeling of three different characteristic hot gas path defects is presented. The first defect is the malfunction of one burner. The geometry of the liner and the corresponding nozzle is shown in Fig 1. In the simulation of the 90° segment with five burners it assumed that one nozzle does not provide any fuel. According to Adamczuk et al. [3] the resulting nonuniform flow through the HPT is shown in Fig. 2 . The illustration shows the relative density distribution in the outlet plane of the HPT as well as the relative density over the HPT for 50% span. For a better illustration of the results the density in the outlet plane is set relatively to the maximal value at the outlet, while the density for 50%-span is set relatively to the maximal density at the inlet of the HPT. From the illustration the progress of the non-uniformity, which results from the combustor malfunction, is clearly identifiable.
Even at the outlet of the HPT the relative density difference between the cold streak and the surrounding flow is higher than 0.3. The non-uniformity stays concentrated but affects a large area of the whole flow. A characteristical pattern can therefore be linked to a burner malfunction.
Modeling of defects with RANS
In comparison to the malfunction of one burner, defects within the HPT affect a much smaller area within in the flow. The two investigated defect types by Adamczuk et al. [3] are the increase of the radial gap height between the blade tip and casing and the loss of trailing edge material of the second stage rotor. The tip clearance in a rotor blade row is necessary to prevent contact between the rotating blades and the stationary casing. However, losses induced by the tip leakage flow are considerable. According to Denton [7] they account for one third of the total aerodynamic loss in a turbine stage. Bindon [8] analyzed the contributions to the tip clearance loss in a cascade configuration and determined that this loss rises linearly with increasing gap height.
Tip clearance increases during operation of the turbomachine when the blades rub on the stationary casing endwall, causing abrasion. This may occur when a hot restart is initiated during a flight envelope (Bunker [9] ). In the present study, the influence of the variation of the tip clearance gap on the local density is investigated numerically. The modification of the blade is illustrated in Fig 3 (left) . As a second characteristical defect in the HPT the loss of the trailing edge material is investigated. According to Meyer et al. [10] this defect can occur due to unintended decrease in cooling air mass flow especially during take-off. To evaluate the effect of burned trailing edges on the density of the flow, the axial chord length of the rotor blade of the second stage of the HPT is reduced, resulting in an increased trailing edge thickness. The modification of the blade is illustrated in Fig. 3  (right) showing the profiles at 0, 15, 50, 85 and 100% radial height. It is assumed that the trailing edge is burned up to the cooling holes. The variation of the edge has in general two different effects on the flow. The higher thickness results in an increase of the wake. The second effect is a change of the exit flow angle, resulting in a different incidence at the subsequent blade or vane (Adamczuk et al. [3] ).
The effect of the two investigated defects on the power of the jet engine can already be estimated by running a throughflow code, which calculates the flow through the turbine on the meridional S2m-plane. Loss-correlations are implemented to contribute three-dimensional effects. The results where presented by Adamczuk et al. [11] and are shown in Fig. 4 . The left graph illustrates the negative effect on the power for the increase in gap height, while the right graph illustrates the negative effect for the loss of trailing edge material. In both illustrations the new part and a part before the regeneration process is indicated. From the graphs it can be seen that the influence of the radial gap height is higher than the influence of the shortening of the chord. It is also clear that the monitoring of the power of an engine can provide some rudimental information about the condition of the engine. However, the loss in power or efficiency does not provide enough information to distinguish between both defects. In Fig. 5 (left) a difference plot of the relative density distribution between the reference case and a harmed case is illustrated. The figure shows the 30° pitch at the outlet of the LPT. As mentioned before the LPT has eleven EGVs. For a better understanding of the geometry the outlet plane as well as the EGV is illustrated. It can be observed that the relative density changes mainly in the tip region of the flow except for the area of the EGV wake, where the influence is still visible at 50% span. The maximal density decrease adds up to around -3.5%. Thus, the density variations resulting from the increased radial gap do not mix out with the complete flow but remain concentrated in the upper span regions and result in a typical change in the pattern of an exhaust jet.
The difference plot of the relative density distribution between the unharmed reference case and the burned trailing edge of the rotor blade of stage two is shown in Fig. 5 in the illustration on the right. The changes in the density distribution are not concentrated on a particular area of the outlet. The highest differences are located aside of the EGV wake adding up to -3.5%. The density within the EGV wakes is decreased by around 2%. The loss of trailing edge material, therefore leads to a clearly different pattern than the increase of the radial gap (Adamczuk et al. [3] ). In contrast to an evaluation of the power or efficiency decrease by detecting the characteristical pattern in the exhaust jet it is likely to distinguish between both simulated defects in the HPT.
Exhaust jet measurements
As described by Adamczuk et al. [1] BOS is part of the Schlieren techniques, and sensitive to those components of the spatial derivative of the index of refraction n which are perpendicular to the line of sight. Along the line of sight the integral can be determined for a gas with n≈1 using Eq. 1.
(1)
The angle between the direction of the refraction index gradient and the line of sight (φ th ) is assumed to be 90°. The Gladstone-Dale relation (Eq. 2) links the index of refraction with the density of the gas:
In this equation, ρ represents the density of the fluid and K is the Gladstone-Dale-constant. Assuming the ideal gas equation Eq. 3 ( 3 ) a change in the temperature or pressure within the exhaust jet can be converted to a deflection of the line of sight. In the exhaust jet a constant (ambient) pressure can be assumed. A change in the temperature will therefore lead to a measurable change in the density distribution. A typical BOS set-up consists of the following main components:
A random dot pattern on the background of the flow A digital camera to record the measurement images A computer to evaluate the measurement images For the measurement first a picture of the background is taken without flow as a reference. Then a picture of the background is taken with flow. After a discretization into a grid of squared, overlapping windows, the images are compared using cross-correlation algorithms. A pixel shift resulting from the refraction index gradient is determined for each window. The required geometric dimensions of the BOS set-up are illustrated in Fig. 6 . Based on the geometric dimensions ɛ can be calculated with Eq. (4). (4) By applying several cameras at the same time from different viewing directions during the measurement the threedimensional density distribution in the exhaust jet can be reconstructed. Here, as already mentioned before, the filtered back-projection algorithm of Goldhahn and Seume [4] is used.
Measurement set-up
The BOS-measurements are described in detail in Adamczuk et al. [1] , therefore in the present paper a brief summary is given. The measurements are conducted with the exhaust jet of a Turbomeca Artouste II C5 engine, a singleshaft gas turbine. The fluid is compressed in one radial impeller followed by a radial and axial diffuser. After heating of the air in an annular combustor the flow is expanded in a two-stage axial turbine. The jet flows behind the turbine through an exhaust diffuser. The output power is dissipated by an eddy current brake and the exhaust jet is ducted into an exhaust pipe. In order to simulate a non-uniformity within the temperature pattern of the exhaust jet, a pipe is mounted into the exhaust diffuser. The pipe provides a mass flow of the cold streak corresponding to 1.6% of the total mass flow of the exhaust jet. The temperature of the flow at the outlet of the piping is around 300 K. The distance between the outlet of the cooling air pipe and the first measurement plane is 31 times the diameter of the pipe while the distance to the last reconstruction plane is 39 times the diameter. The ambient pressure is measured in order to calculate the temperature distribution in the exhaust jet. For the measurements, eight cameras are used. The cameras have a 1/1.8 inch CCD chip with a resolution of 1628 x 1236 pixels. They are connected via an Ethernet switch with the measurement computer which also supplies the cameras with electrical power. The cameras are controlled and timed with a LabView code which allows for simultaneous triggering of the cameras with a frame rate of 12 frames per second during the measurements for each camera. The size of the dots on the background is chosen to correspond to four pixels on the CCD chip of the cameras.
During the measurements, an operating point generating 206 kW (+/-3 kW) of shaft power is maintained. For each camera 100 images are taken. Two measurements, one without cooling flow (case 1) and one with cooling flow (case 2), are conducted. For the evaluation, of the displacement vectors between the reference and the measurement images, a window size of 16 pixels by 16 pixels is chosen and a median filter is used. The angle, the focal length of the lenses, as well as the distances between the camera, the measurement object and the background differ for each camera. So the displacement vectors have to be corrected accordingly (see Adamczuk et al. [1] ). For that purpose, a camera, whose optical axis is perpendicular to the background, is chosen as the reference camera. The displacement vectors of all other cameras are corrected to the geometrical and optical specification of this camera.
BOS results
In Fig. 7 the temperature distribution obtained by Adamczuk et al. [1] is illustrated in a plane perpendicular to the jet axis for both cases -without (left) and with (right) a cold streak. The distance between the outlet of the cooling pipe and the measurement plane is around 31 times the diameter of the piping. The temperature of the exhaust jet without cooling flow is around 700-750 K. The oval shape of the exhaust jet fits the shape of the exhaust diffuser. By comparing the results with case 2, a similar shape of the jet is visible. However, a clear influence of the cold streak can be identified. The temperature of the cold streak is determined to be around 450 K. The magnitude of the temperature of the surrounding flow agrees well with case 1. Furthermore, Fig. 7 shows the temperature distribution of the longitudinal sections where the cold streak is also clearly visible. The two longitudinal sections on the far right show the progress of the exhaust jet over an axial length of 90mm. Only a small variation of the temperature and shape of the non-uniformity can be observed. As the mass flow of the cold streak is about 1.6% of the total mass flow of the exhaust jet, the results show that even temperature non-uniformities, which affect only a small part of the total mass flow barely mix out with the surrounding flow. This is visible as the cold streak still keeps concentrated only on a small area of the whole exhaust jet. Furthermore, the results clearly demonstrate that the tomographic BOS-approach can be applied for the measurement and identification of temperature nonuniformities of the temperature distribution of an exhaust jet of a gas turbine engine.
Conclusions and Outlook
According to Adamczuk et al. [1] and Adamczuk et al. [3] in the present study a combined approach for the evaluation of the condition of the jet engine is presented. It is intended to use the Background-Oriented Schlieren (BOS) method for measurements of the exhaust jet density distribution to evaluate non-uniformities and identify defects in the hot gas path. Within this paper the feasibility of BOS under test-cell conditions for resolving small density variations in the exhaust jet of an engine is presented. Furthermore numerical simulations are used to generate the expected density patterns in the exhaust jet of a jet engine in order to show that different defects can be attributed to characteristic exhaust jet density patterns.
In order to evaluate which density distribution patterns can be expected for various defects in the hot gas path of a jet engine, results from numerical investigations are shown in the present paper. For this purpose, three different defects, these being the failure of one combustor nozzle, the variation of the blade-tip clearance, and the shortened trailing edge of a rotor blade due to burning, are investigated. Numerical simulations of the combustor, a two-stage high-pressure turbine (HPT) and a subsequent five-stage low-pressure turbine (LPT) are performed to investigate the influence of the flow nonuniformities resulting from the different defects on the exhaust jet pattern. It is presented that the modeled defects within the hot gas path can be attributed to a characteristic exhaust jet density pattern. The simulations in combination with previous studies show that a shut-down of a complete nozzle has a great influence on the exhaust jet. It was presented that the low temperature region is not mixed out through the turbine and is concentrated in one area, resulting in a typical exhaust jet pattern. The increase of the clearance between a rotor blade of the second stage of the HPT results in a decrease of the density close to the casing at the outlet by up to 3.5%. The density reduction does not mix out with the whole flow of the turbine but remains concentrated near the outer casing. The influence therefore leads to a characteristic pattern. The burning of the trailing edge of the rotor blade results in an overall of the exhaust density distribution over the whole span. The relative density distribution decreases between 1.5% and 3.5%. A comparison of the influence of three different cases reveals that the defects result in completely different patterns of exhaust jet density.
For the non-intrusive measurements of the threedimensional density and temperature patterns in the exhaust jet of a helicopter engine with a two-stage axial turbine, eight cameras are used. A cold streak was induced in the exhaust diffuser of the engine in order to experimentally demonstrate the feasibility of BOS detection of density and temperature non-uniformities in the exhaust jet. The mass flow of the cold streak was around 1.6% of the total mass flow of the jet.
Despite the small mass flow-ratio, the temperature nonuniformity does not mix out with the surrounding flow and hence a clear identification of the non-uniformity is possible. Furthermore, the temperature distribution obtained with BOS agrees with the values obtained with thermocouples within the uncertainties of each measurement technique. The results show that the tomographic BOS method can be used to measure the temperature and density distribution of an exhaust jet. Furthermore, non-uniformities can clearly be detected and identified.
In future work, BOS measurements with real defects in the hot gas path of the helicopter engine will be performed to investigate their effect on the reconstructed exhaust jet pattern. Furthermore, a methodology will be presented which will enable an investigation of the exhaust jet patterns generated with CFD simulations in respect to the delectability with BOS.
